Introduction
The innate immune system provides critical host defence against microorganism invasion through the recognition of conserved pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs).
I M M U N O L O G Y R E V I E W A R T I C L E
Japanese flounder (Paralichthys olivaceus). [10] [11] [12] It is considered that the knowledge of RLRs in teleost fish will improve our understanding of the immune system of fish, and also of the diversity and evolution of antiviral immunity in vertebrates. Hence, the recent discoveries in relation to RLRs in teleost fish are summarized in this review.
Findings of RLRs and their spliced variants in teleost fish
Obtained from available whole genome sequences, orthologues of MDA5 were first reported in 2008 from pufferfish using bioinformatic analysis. 13 Later, RIG-I, LGP2 and MDA5 were found in a few species of teleost fish using, again, a bioinformatics approach. 14 Simultaneously, transcripts of RLRs in fish have been identified using different methods, such as the sequencing of reciprocal suppression subtractive hybridization cDNA libraries and rapid-amplification of cDNA ends. RIG-I, MDA5 and LGP2 genes were first cloned, respectively, in Atlantic salmon (Salmo salar) and a fish cell line, i.e. Epithelioma papulosum cyprini (EPC) cells, 15 grass carp (Ctenopharyngodon idella) and Atlantic cod (Gadus morhua), 16, 17 although the cod LGP2 gene was partially sequenced.
Currently, RIG-I gene is found only in Cypriniformes, Siluriformes and Salmoniformes, 8, [18] [19] [20] [21] [22] whereas both MDA5 and LGP2 genes are found in fish species belonging to Cypriniformes, Siluriformes, Salmoniformes and other fish in Acanthopterygii (Table 1) . [9] [10] [11] [12] 19, 21, [23] [24] [25] [26] [27] [28] [29] [30] It is uncertain whether RIG-I genes have been lost in fish of Acanthopterygii, which requires certainly further research on this group of fish. Indeed, efforts to identify orthologues of RIG-I have been unsuccessful in Japanese pufferfish (Takifugu rubripes), tetraodon (Tetraodon nigroviridis), 13, 14 medaka (Oryzias latipes), three-spined stickleback (Gasterosteus aculeatus), 14 gilt-head sea bream (Sparus aurata) and European sea bass (Dicentrarchus labrax). 31 RIG-I has not been found in mandarin fish, or socalled Chinese perch (Siniperca chuatsi) (own unpublished data). Further research is required to clarify the occurrence of RIG-I genes in a broad range of taxa in Teleostei.
Comparatively, RLRs in fish contain protein domains similar to those of mammalian RLRs. All RLR molecules comprise a DExD/H box helicase domain (DEXDc), a helicase C-terminal domain (HELICc), a regulatory domain (RD), two caspase activation and recruitment domains (CARDs) at the N-terminal region of RIG-I and MDA5, but not LGP2, with CARD functioning critically in signalling transduction. [8] [9] [10] 12, 26, 27 In fish, when being transcribed, RLRs may be spliced at RNA level, leading to sequence deletion or insertion in some functional domains (Table 2) . Two spliced transcripts of MDA5, MDA5a and MDA5b, have been 
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MDA5a transcript contains all 16 exons, whereas a missing partial sequence in the 11th exon leads to the frameshift in MDA5b with the deletion of HELICc and RD domains from the predictive protein. 9 RIG-I gene in zebrafish also has two different transcripts, RIG-Ia and RIG-Ib, with insertion of a 114-nucleotide sequence in the second CARD domain of RIG-Ia, which shows no homology with those in other fish species or in mammals. 8 In fact, RIG-I genomic DNA sequence has not yet been completely assembled in the current zebrafish genome (GRCz10); therefore, it is still unclear whether the two isoforms are encoded by a single gene or by two duplicated genes. In addition, the LGP2 gene has a splicing variant in rainbow trout, with LGP2b being 54 amino acids shorter than LGP2a, resulting from premature termination due to an unspliced intron at the 3 0 end region of the LGP2b open reading frame. 10 
In vivo and in vitro expression of RLRs in teleost fish
In mammals, the expression of RLRs can be induced by artificial synthetic RNAs, interferons (IFNs) and viruses. 32 To date, the expression of RLRs has been examined in a variety of fish species, and it is well understood that RIG-I, MDA5 and LGP2 can respond in vivo or in vitro to the stimulation of synthetic double-stranded RNA (dsRNA) poly(I:C) and to viral infection. In zebrafish, the expression of RIG-I was significantly up-regulated in embryos at 24-36 hr post-fertilization following the treatment of low-molecular-weight poly(I:C), 22 which is the ligand for mammalian RIG-I and is different from the ligand for MDA5 in length. 33 Induction of RLR family members was observed in ZF4 cells infected with three kinds of single-stranded RNA (ssRNA) viruses, i.e. snakehead fish vesiculovirus, nervous necrosis virus and spring viraemia of carp virus (SVCV), except that LGP2 has not been studied in SVCV-infected cells. 8, 9, 34, 35 In grass carp, RIG-I, MDA5 and LGP2 were induced in vivo at mRNA level in several tissues or organs when healthy fish were challenged with a dsRNA viral pathogen, the grass carp reovirus. 16, 18, 27 In rainbow trout, MDA5 and LGP2 were up-regulated following the stimulation of poly(I:C) and two viruses, viral haemorrhagic septicaemia virus (VHSV) and salmon alphavirus, a negative and a positive ssRNA virus, respectively. On the other hand, RNA-sequencing results revealed that RIG-I, MDA5 and LGP2 in Atlantic salmon were all up-regulated in a salmonid cell line (TO) cells infected with salmon alphavirus subtype 3. 10, 36 RLRs have been reported in other species of fish in response to the infection of viruses. Infection of channel catfish virus enhanced the expression level of RIG-I, MDA5 and LGP2 in channel catfish (Ictalurus punctatus). 21 RLRs in perciform fish, such as MDA5 in orange spotted grouper (Epinephelus coioides) and green chromide (Etroplus suratensis), MDA5 and LGP2 in large yellow croaker (Larimichthys crocea) and sea perch (Lateolabrax japonicas), had increased transcripts following the treatment of poly(I:C) and infection of DNA or RNA viruses, such as VHSV, Singapore grouper iridovirus and nervous necrosis virus. [23] [24] [25] [26] 37 In addition, the up-regulation of MDA5 and LGP2 mRNA levels was detected in the kidney of VHSVinfected Japanese flounder and in vitro in poly(I:C) stimulated whole kidney leucocytes. 11, 12 It has been experimentally revealed that pathogenic bacteria or their components can significantly induce the expression of RLRs in teleost fish. The infection of an intracellular Gram-negative bacterial pathogen, Edwardsiella tarda, caused the significant increase in RIG-I and MDA5 mRNA contents in zebrafish ZF4 cells. 8, 9 Edwardsiella ictaluri also induced the expression of RIG-I, MDA5 and LGP2 in the liver of channel catfish. 21 Similarly, induction of MDA5 and LGP2 was observed in vitro in LPS-stimulated peripheral blood leucocytes and leucocytes from kidney of Japanese flounder, 11, 12 In grass carp, RIG-I, MDA5 and LGP2 were all up-regulated in primary trunk kidney cells following LPS exposure. 38 However, in sea perch, a decrease in the expression of MDA5 was observed in LPS-stimulated brain and fry cells, and it was assumed that signal pathways mediated by TLRs or NLRs were likely to be inhibited following the expression of MDA5. 26 To our knowledge, the mechanisms involved in the LPS recognition and signalling transduction remain unknown in fish, although TLR4 orthologues are reported in some teleost fish (not all teleosts) such as in zebrafish. In fact, TLR4 orthologues in fish are not involved in the recognition of LPS. 39, 40 It is reported that fish can even tolerate higher levels of LPS than mammals, 41 and TLR adaptor molecule 2 (TICAM2, also known as TRAM and TIRP), a critical adaptor for signal transduction activated by LPS in mammals, 42 is absent in fish. 43 Therefore, the mechanisms involved in the recognition of LPS and in expression of RLRs in response to LPS can be a valuable topic for further research. Moreover, it is implied that RLRs play possibly a role in antibacterial immunity in fish, along with their antiviral effect in fish.
Ligand recognition by RLRs in teleost fish
All three members in the RLR family have been confirmed to possess RNA-binding activity in mammals. 44 Chang et al. 10 proved that recombinant proteins of MDA5 and LGP2 from rainbow trout can bind synthetic dsRNA poly(I:C) by pulldown assay in vitro. But, there has been no experimental evidence for the RNA-binding activity of teleost RIG-I. In mammals, differences exist in the ligands recognized by MDA5 and RIG-I. MDA5 primarily recognizes poly(I:C) with high molecular weight, 33 whereas the known ligands for RIG-I include low-molecular-weight (around 300 bp) poly(I:C), short 5 0 triphosphated dsRNA fragments, 5 0 diphosphated dsRNA, 5 0 triphosphated ssRNA with polyuridine signature. 33, [45] [46] [47] There is an obvious gap in the knowledge of RLRrecognized ligands in fish (Fig. 1) , and it is necessary to analyse whether RLRs in different species of fish can recognize different RNA ligands from their unique or common viral pathogens. Furthermore, it is of great importance to determine whether RLRs in fish can directly recognize different ligands from bacteria or only have crosstalk with other PRRs involved in the recognition of bacterial PAMPs, as RLRs in fish can also be induced under bacterial infection.
Antiviral and antibacterial functions of RLRs in teleost fish
In fish, like their mammalian counterparts, RLRs possess capacities in the induction of IFNs, IFN-stimulated genes (ISGs), inflammatory factors and antiviral state, although negative regulation and negative or positive regulation in antiviral immunity have been observed in in vitro overexpression of LGP2 in mammals and teleosts, respectively.
The overexpression of RIG-I CARD domains in zebrafish embryos resulted in the activation of Mx and nuclear factor-jB (NF-jB) luciferase report plasmids and the significant up-regulation of immune genes, such as IFN1, tumour necrosis factor-a, interleukin-8 (also known as CXCL8), ISG15 and radical S-adenosyl methionine domain containing 2 (RSAD2, also known as viperin); 22 but it is a surprise that such an effect was not observed with the overexpression of wild-type RIG-I. 22 Simultaneously, Zou et al. 8 reported two isoforms of RIG-I, RIG-Ia and RIG-Ib, in zebrafish, and found that the overexpression of RIG-Ib but not RIG-Ia in EPC cells activated significantly zebrafish type I IFN promoter report plasmids, inducing the expression of Mx and interferon regulatory factor 7 (IRF7) and so protecting cells against SVCV infection. Zebrafish RIG-Ia and RIG-Ib, as discussed above, are spliced variant and full-length transcript, respectively, and the unobserved effect with the overexpression of the zebrafish wild-type RIG-I gene in zebrafish embryos, as reported by Nie et al. 22 , may just reflect an undetected difference in the expression of one RIG-I gene or two RIG-I genes. Research from other species of fish supports that RIG-I overexpression can enhance the antiviral response in vivo and in vitro. For example, crucian carp (Carassius auratus) RIG-I strongly induced ISGs, such as RSAD2, and activated type I IFN promoters from crucian carp and zebrafish in CAB cells. 19, 48 Similar results were observed in EPC cells, although zebrafish and EPC type I IFN luciferase report plasmids were promoted by N-terminal region overexpression of zebrafish and EPC RIG-I, respectively. 49, 50 Transfection in EPC cells with N-terminus of EPC RIG-I resulted in the induction of antiviral genes, including IFN, RSAD2 and ISG15, together resisting VHSV attacks. 15 In another study, zebrafish IFN1, IFN4 and myxovirus (influenza virus) resistance C (mxc) genes were significantly induced when full-length open reading frame of zebrafish RIG-I was overexpressed in embryos. 51 These findings suggest that fish RIG-I is capable of inducing IFNs and ISGs in antiviral functions, although there is discrepancy concerning the overexpression of zebrafish RIG-I in its embryos as reported by Nie et al. 22 and by Chen et al. 51 .
Like RIG-I, MDA5 in teleost has been proved also to play an important role in antiviral immunity. Japanese flounder and rainbow trout are the first two species in which MDA5 was reported to possess antiviral function. 10, 11 The overexpression of MDA5 in Japanese flounder provided protection for hirame natural embryo (HINAE) cells against the invasion of VHSV, hirame rhabdovirus and infectious pancreatic necrosis virus; and MDA5 induced IFN, Mx and ISG15 in the cells infected with VHSV. 11 Similarly, rainbow trout MDA5 when overexpressed in RTG-2 cells enhanced the expression of Mx gene and antiviral activity against VHSV. 10 Subsequently, two splicing forms of MDA5, MDA5a and MDA5b, were identified in zebrafish, and activation of type I IFN promoters and immune defence against SVCV infection were found in EPC cells transfected with plasmids overexpressing the two isoforms. 9 It is further confirmed in other studies that zebrafish MDA5 can increase the expression of type I IFNs in embryos and induce IFN promoter activities. 49, [51] [52] [53] Moreover, the overexpression of zebrafish MDA5 in ZFL cells can provide resistance against snakehead rhabdovirus infection. The role of MDA5 is more clearly revealed through the establishment of dominantnegative MDA5 gene (CARD deletion) transgenic zebrafish, in which higher mortality rate and virus titre were observed after snakehead rhabdovirus infection. 53 In addition, a recent report showed that IFN and IFN-stimulated response element (ISRE) promoters were activated in cells overexpressing grouper MDA5, leading to the induction of IRF3, IRF7 and tumour necrosis factor receptor-associated factor 6 (TRAF6) and the expression of pro-inflammatory cytokines, but the transcriptional level of viral genes was significantly reduced including MCP, Vp19 from Singapore grouper iridovirus, and CP and RdRp from red-spotted grouper nervous necrosis virus. 24 Mammal LGP2 overexpression in vitro, such as in L929 cells, negatively regulates RIG-I and MDA5 signalling, 54 but data from LGP2 knockout mice provides the opposite evidence that LGP2 is a positive regulator of RIG-I and MDA5 in antiviral immune responses. 55, 56 Recent studies have shown that mammal LGP2 is involved in MDA5 filament formation and MDA5-mediated viral RNA recognition. [57] [58] [59] Unexpectedly, some reports indicated that teleost LGP2 overexpression in vitro can protect cells against virus infection. For instance, HINAE cells transfected with Japanese flounder wild-type LGP2, not mutant LGP2 (with RD region deletion), were resistant to infection by VHSV and hirame rhabdovirus, with the induction of antiviral related genes, including Mx, ISG15, ISG56 and IFN. 12 Rainbow trout Mx gene was significantly up-regulated in RTG-2 cells overexpressing LGP2a but not LGP2b. LGP2a, which is the entire molecule also has antiviral function against VHSV, but LGP2b, a shorter variant, has no such role. 10 In CIK cells, the overexpression of all grass carp LGP2 domains, including fulllength, RD region deletion and only RD region, provided protection against grass carp reovirus (097 strain) invasion. 60 In addition, the overexpression of black carp (Mylopharyngodon piceus) LGP2 can significantly decrease the viral titre of SVCV and grass carp reovirus in infected EPC cells. 61 However, it is a bit bewildering that some reports showed that fish LGP2 can be a negative regulator in antiviral immunity when overexpressed in vitro. Sun et al. 19 reported that the activity of type I IFN promoters decreased with the overexpression of crucian carp LGP2 and LGP2-RD (461-680 amino acids), not LGP2-HD (1-507 amino acids), in CAB cells infected with poly(I:C), and that crucian carp LGP2 overexpression reduced the activity of IFN promoters mediated by RIG-I and MDA5. Yu et al. 62 observed the significant increase in the expression of viral genes, such as CP, RdRp in red-spotted grouper nervous necrosis virus, and VP19, MCP, ICP-18, VP49 in Singapore grouper iridovirus in GS cells infected with these viruses when transfected with grouper LGP2 plasmids, and the downregulation of antiviral immune genes, including IRF3, IRF7, ISG15, IFP35, MXI, MXII and MDA5 in cells overexpressing the grouper LGP2. It is therefore considered that the LGP2 overexpression has a negative effect on the induction of antiviral immune genes, but a positive effect on viral replications. 62 It is therefore essential to investigate the regulatory effect of LGP2 during viral infection in future research.
Signalling pathways of teleost RLRs
After detecting intracellular non-self RNA, such as viral RNA, RIG-I and MDA5 in mammals can become associated with the adaptor molecule, the mitochondrial antiviral signalling protein (MAVS, also known as IPS-1, VISA and Cardif), through interaction of common CARD domains to recruit TANK binding kinase 1 (TBK1) and to activate IRF3 and IRF7 (Fig. 1) , 32 which are the core transcription factors in regulation of type I IFNs and ISGs for immune protection of hosts against viral invasion.
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Unsurprisingly, MAVS orthologues also exist in teleost fish and have been cloned in several species, including zebrafish, crucian carp, grass carp, black carp, sea perch, large yellow croaker, rock bream (Oplegnathus fasciatus), Atlantic salmon, green spotted puffer and Japanese flounder. 15, 23, 37, 51, [64] [65] [66] [67] [68] [69] [70] [71] Teleost MAVS, as an adaptor, seems to have conserved function on the RLR-mediated signalling pathway, and contains similar protein domains as in mammals, with CARD domain and transmembrane (TM) region at the N-and C-terminuses, respectively (Fig. 1) . First, it is shown that fish MAVS is associated with both RIG-I and MDA5, as supported by co-immunoprecipitation assay, 8, 9 and MAVS can enhance both RIG-I-and MDA5-induced type I IFN response and expression of ISGs, such as Mx, RSAD2 and IRF7. 8, 9, 51 Indeed, MAVS-DCARD (without CARD domain) and MAVS-DTM (without TM domain) had a negative effect on RIG-Imediated IFN promoter activity, which were CARD and TM region deletions of wild-type MAVS, respectively. 50, 65 Second, fish MAVS may depend on the TM region to locate at mitochondria as observed in mammal cells. 15, 50, 66 Third, fish MAVS is able to induce type I IFNs and ISGs, and to provide resistance against infection by a variety of viruses. For example in EPC cells, the overexpression of MAVS from Atlantic salmon, zebrafish and EPC cells can protect the cells against VHSV infection, and Atlantic salmon MAVS also has antiviral function against infectious haematopoietic necrosis virus, SVCV, epizootic haematopoietic necrosis virus and infectious pancreatic necrosis virus. 15, 66 Japanese flounder MAVS can induce ISGs, such as Mx, ISG15 and IRF3, and when overexpressed in HINAE cells, Japanese flounder MAVS up-regulated further the expression of ISGs and type I IFN after VHSV infection, with the promotion of antiviral state. 70 It has been also shown that fish MAVS is a positive regulator in antiviral immunity. 50, 51, 64, 65, 67, 69, 71, 72 The MAVS is likely to activate IRF3 and IRF7 to trigger the IFN response through the recruitment of signalling molecules, such as TRAF3 and TBK1 (Fig. 1) . It is revealed that fish TRAF3 can be associated with MAVS, whose biological function can be inhibited by the overexpression of mutant TBK1 (K38M), and that the overexpression of mutants IRF3 or IRF7 (IRF3-DN and IRF7-DN, N-terminus deletion) diminishes MAVS-induced IFN promoter activity and the expression level of IFN and ISGs, such as Mx and PKR. 19, 65, 67 In fact, TBK1 possesses functions in inducing the expression of type I IFNs and is also associated with IRF3, and such function can be also inhibited by mutant IRF3-DN or IRF7-DN. 19 Moreover, it was proved that fish IRF3 and IRF7 can activate the IFN promoter via ISRE sites. 19, 49, 73 On the other hand, it was most recently shown that in grass carp, MAVS has its potential role in regulating type I IFN response dependent on IRF7 but not on IRF3, and in zebrafish MAVS variants suppress the induction of type I IFNs by targeting IRF7, 64, 71 implying that fish RLR-MAVS-mediated signalling pathways may have some functional variations, which are not as exactly observed as in mammals. Hence, it is considered that teleost fish are likely to have conserved RLR signalling pathways; but some detailed signalling regulatory mechanism remains unclear in fish, and IRF3 and IRF7, which function in RLR-mediated immune responses, need to be further investigated.
Signalling crosstalk of RLRs in teleost fish
The RLR-mediated pathway in antiviral immunity has not been clearly identified in fish, and can actually be influenced either directly or indirectly by several factors. Mediator of IRF3 activation (MITA), also known as STING, MPYS, ERIS and TMEM173, is a key molecule in the activation of IRF3 and NF-jB in the course of type I IFN production (Fig. 1) . 74, 75 Because MITA is associated with MAVS and RIG-I, but not MDA5, to enhance antiviral signalling, the molecule is involved in the RLRmediated immune response against RNA virus infections. 76, 77 To date, MITA has been identified in many species of fish, and is similar to mammals in having an important role in innate immunity, with functions in endoplasmic reticulum localization, in TBK1 and IRF3 recruitment, as well as in antivirus and in type I IFN and ISG induction. 19, 50, 78, 79 It has been also reported that fish MITA regulates RLR signalling. For example, RIG-Iinduced and MDA5-induced activity of type I IFN promoter was reduced by co-overexpression of crucian carp MITA-CT (mutational MITA with N-terminus deletion) and Flag-MITA (mutational MITA with flag tag addition at N-terminus) in CAB cells, respectively. 19 Overexpression of C-terminal region of zebrafish MITA down-regulated significantly the type I IFN promoter activity in EPC cells, which was induced by both RIG-I and MAVS. 50 However, it is still unclear whether fish MITA interacts directly with RLRs or MAVS, and how the RLR signal cascade is influenced by MITA.
In addition, the biological activity of IRF10 was recently identified in fish as a negative regulator in antiviral immunity;
49 IRF10 belongs to the IRF family and exists at least in several vertebrate lineages from teleosts, to reptiles, birds and mammals with the exception of mouse and human. 80 Overexpression of zebrafish IRF10 inhibited the type I IFN promoter response mediated by RIG-I, MDA5, TBK1 and MITA, which probably resulted from the suppression of MITA and ISRE sites from IFNs (Fig. 1) . 49 In another report, fish RIG-I and MDA5 were also found to crosstalk with NLRs, such as NOD2, the muramyl dipeptide sensor, to activate NF-jB and antiviral function. 81 Zebrafish NOD2 is associated with RIG-I, MDA5 and MAVS (Fig. 1) , and can increase MAVSmediated NF-jB and IFN promoter activity. 81 It is noteworthy that RIG-I has no effect on the activation of NF-jB promoter mediated by NOD2 in zebrafish, 81 whereas studies in mammals revealed that RIG-I negatively regulates NOD2-induced NF-jB signalling. 82 The difference, however, cannot yet be explained.
Negative regulation of RLR signalling
To our knowledge, RLR signalling is strictly controlled by several molecules to avoid excess production of IFNs or inflammatory factors, and to maintain internal immune homeostasis. In fact, conserved mechanisms are also present in teleosts. For example, mammal PIAS4 (PIASy), which belongs to the protein inhibitor of activated signal transducer and activator of transcription (STAT) (PIAS) family, is involved in the repression of signalling mediated by some immune molecules, including STAT1, IRF3/ 7 and TRIF. 83 Co-overexpression of PIAS4a (PIAS4 homologous gene) and MAVS in zebrafish caused the reduction in expression of MAVS-mediated type I IFN in the fish embryos (Fig. 1) , and zebrafish embryos with the knockdown of PIAS4a had a higher transcriptional level of type I IFN than those with only overexpression of MAVS. 84 In fact, PIAS4a is not the only negative regulator in teleosts. It is reported that zebrafish MAVS can be degraded by the overexpression of zebrafish pVHL in HEK293T cells (Fig. 1) , 85 which is encoded by the von Hippel-Lindau (VHL) tumour suppressor gene and is associated with genetic neoplasia syndromes. 86 Indeed, homozygous zebrafish embryos for VHL knockout (vhl À/À ) had higher protein level of MAVS than wild-type embryos; and the expression of MAVS increased further after SVCV infection in vhl À/À embryos compared with wild-type and embryos without viral infection. 85 Furthermore, it has been reported that zebrafish TBK1-like protein negatively regulates type I IFN promoter activity induced by RIG-I and MAVS. 87 On the other hand, RLR signalling is also inhibited by viruses, not for the prevention of autoimmune disease but for immune escape. In teleosts, a recent study showed that the aquatic virus SVCV suppresses the expression of type I IFN by targeting degradation of MAVS, which was mediated by the N protein of SVCV (Fig. 1) . 72 This study also indicated that N protein of SVCV caused the degradation of MAVS by K48-linked ubiquitination. 72 Confusingly, two groups obtained different or even opposite conclusions concerning the expression of MAVS in response to SVCV infection. Lu et al. 72 reported SVCV-induced degradation of zebrafish MAVS, while Du et al. 85 detected a small increase in zebrafish MAVS after SVCV infection. These results were observed in vitro (EPC cells) and in vivo (zebrafish embryos), respectively, 72, 85 and may indicate that the mechanisms in relation with SVCV-triggered disruption of host innate immunity are possibly much more complicated than expected.
Conclusions and future perspectives
In teleost fish, RLRs, including RIG-I, MDA5 and LGP2 and in spite of the absence of RIG-I in some fish species, are essential PRRs responsible for the recognition of various viral PAMPs for inducing antiviral responses. Such antiviral responses of RLRs are provoked by recruiting the downstream adaptor MAVS located on mitochondria, then being associated with signalling molecules, MITA, TRAF3 and TBK1, which in turn facilitate IRF3 and IRF7 activation and phosphorylation, and their translocation into the nucleus, for the induction of type I IFNs as well as ISGs (Fig. 1) . In the signalling pathway in teleost fish, some molecules can negatively regulate the production of type I IFNs and ISGs initiated by RLRs. TBK1-like protein, as an example, can influence RLRs-MAVS-TBK1-mediated type I IFN and ISG production. In addition, IRF10 in zebrafish inhibits type I IFN production by blocking MITA as well as binding to the ISRE motif (Fig. 1) .
Although RLRs as well as the downstream molecules have currently been identified from various species of teleost fish, the origin and evolution of RLRs, the exact ligands recognized by different RLRs, and the signalling pathways of RLRs and the regulation mechanism involved in those pathways remain poorly understood. It is therefore of great importance for future studies to focus on the following interesting topics. 1 The origin and evolution of RLRs in fish is of significant interest for further research to understand the absence of RIG-I in certain groups of fish species. It would be intriguing to clarify the antiviral response and the regulatory mechanisms mediated in RLR signalling in the presence as well as in the absence of RIG-I in fish. 2 The exact ligands recognized by fish RLRs are poorly investigated, although they can be induced under the stimulation of ssRNA viruses, dsRNA viruses, and synthesized dsRNA poly(I:C). Further research should also be carried out to investigate if fish RLRs can sense bacterial components, or bacterial RNA or PAMPs, or even to interact with other bacterial PAMP-sensing PRRs to explain the observed increase in the expression of RLRs in fish or fish cell lines following bacterial infection. 3 The regulatory mechanism involved in fish RLRs remains to be clearly illustrated. All possible molecules in the RLR-mediated signalling pathway need to be identified functionally in future studies. In particular, molecules that are present possibly in the crosstalk with other PRRs should be functionally characterized. Additionally, it can be important to understand the function of different spliced variants of RLRs in signalling pathways. Pathogenic components which may interfere with fish RLRs or downstream molecules are of particular interests for understanding the pathogenesis of fish pathogens, which may shed light on the understanding of host-pathogen interactions, and may have significance in aquaculture.
In summary, the current knowledge on the composition and function of RLRs in teleost fish are reviewed in this paper. Future perspectives regarding the evolutionary presence of RLRs in teleost fish, the possible ligands from viral as well as from bacterial sources for fish RLRs, the regulatory mechanisms involved in fish RLRs-mediated signalling pathways are proposed.
